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Rapid Communication
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To investigate the mechanism of simian immunode-
ficiency virus (SIV) entry into the central nervous
system (CNS) and the initial events leading to neu-
ropathogenesis, SIV replication was studied by in situ
bybridization in the CNS of 5 Rbesus macaques at 7
days, 1, 2, and 3 montbs after SIV intravenous inoc-
ulation. CNS infection was found to be a frequent
and early event, as SIV was detected in the CNS of all
the animals studied and as early as 7 days postinoc-
ulation. At the earliest stage, the infection localized
mainly to perivascular cells. Using combined immu-
nobistochemistry and in situ bybridization, infected
cells were shown to express the CD68 marker, sug-
gesting that infected mononuclear pbagocytes cross-
ing the blood-brain barrier represent the main source
of virus in the CNS. Early viral replication coincided
with neuropathologic changes, consisting in gliosis,
perivascular infiltrates and rare glial nodules. Im-
munopbenotyping of brain tissue showed that in-
creased macrophage infiltration, microglial reactiv-
ity and MHC class II induction occurred within the
[first week of infection, indicating a possible immu-
nopathologic mechanism in early CNS pathogenesis.
(Am J Pathol 1991, 139:1273—-1280)

Neurologic impairment is one of the most severe compli-
cations associated with human immunodeficiency virus
(HIV) infection. A progressive dementia afflicts many pa-
tients with the acquired immunodeficiency syndrome
(AIDS)"2 and at autopsy, more than 70-80% present ab-
normalities of the nervous system.® Characteristic patho-
logic findings consist of microglial foci, multinucleated gi-
ant cells, and diffuse damage to the white matter.3® The

possible mechanisms of HIV neuropathogenesis remain
speculative and in particular, little is known concerning
how HIV initially gains access to the central nervous sys-
tem (CNS). The occasional presence of HIV-specific an-
tibodies*® or HIV virions® in the cerebrospinal fluid (CSF)
of patients in the asymptomatic phase of the disease in-
dicates that CNS infection by HIV may occur early. Cases
of acute encephalopathy coincident with seroconversion
for HIV have been reported”® and a small but significant
number of patients exhibit a neurologic disorder as an
early manifestation of HIV infection, before the occur-
rence of secondary opportunistic infections.® Electroen-
cephalographic abnormalities were found to occur in 30—
40% of asymptomatic seropositive men, indicating that
subclinical neurologic impairment may be a common
feature early in the course of HIV infection.'®

Direct evidence of HIV replication in the CNS has
been obtained for the latter stages of infection, as viral
nucleic acids and proteins were conclusively demon-
strated in cells of the monocyte/macrophage lineage
within the brains of AIDS patients.”™~'2 High levels of un-
integrated HIV-1 DNA in brain tissue were found to cor-
relate with the occurrence of HIV-1 encephalitis. ™ A sim-
ilar correlation was found between the extent of HIV ex-
pression and the severity of the lesions in spinal cord
tissue."® These studies suggest a direct involvement of
HIV in the generation of nervous system dysfunction.

Due to the inherent difficulty in obtaining human spec-
imen early after HIV infection, a relevant animal model
appears indispensable to better understand the mode of
entry of HIV in the CNS and the early phase of the neu-
ropathology. Infection of rhesus macaques with simian
immunodeficiency virus (SIV) provides such a model, as
SIV is a retrovirus closely related to HIV in its pathogenic-
ity'® and genetic structure.'™'® SIV induces an enceph-
alitis in macaques similar to the neurologic lesions seenin
patients with AIDS? and with a comparable frequency.?'
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In the present study, we used in situ hybridization and
immunohistochemistry to examine SIV replication in brain
tissue of macaques at different times after intravenous
inoculation. SIV replication was detected in perivascular
brain macrophages during the initial viremic phase, dem-
onstrating that infection of the CNS is a remarkably early
event.

Materials and Methods

Animals and Specimens

Six female Rhesus monkeys (Macaca mulatta) aged be-
tween 3 and 5 years were included in the study. Five of
these animals were inoculated intravenously with 450 tis-
sue culture infectious doses of the SIVmac 251 isolate.
Before inoculation, the animals were demonstrated to be
seronegative for STLV-1, SRV-1 (type D retrovirus),
Herpes B virus and SIVmac. Viremia was detected by
cocultivation of monkey peripheral blood mononuclear
cells (PBMC) with uninfected human PBMC and by mea-
surement of p25 gag antigen in monkey sera, using an
HIV-1 antigen capture Elisa test (Abbott). Antibody re-
sponse to SIV was monitored by radioimmunoprecipita-
tion. The T4/T8 ratio was determined by flow cytometry,
after labelling with the OKT4 (Ortho-mune) and Leu2a
(Beckton Dickinson) antibodies.

The animals were sacrificed at 7 days and 1, 2, and 3
months postinoculation. Classical histopathologic exam-
ination was performed on all the organs collected and a
systematic study was carried out on the CNS samples.
The cerebrum, cerebellum, and brain stem were subdi-
vided. Part of the samples were frozen for further analysis
by immunostaining and in situ hybridization. The other
part was fixed in formalin and subjected to histopatho-
logic examination. Organs obtained from the control un-
infected rhesus macaque were processed similarly.

Immunohistochemistry

Immunohistochemical staining was performed in three
steps, using horseradish peroxidase-coupled secondary
and tertiary antibodies, with diaminobenzidine as the
chromogen. Monoclonal antibodies Leu 5b (anti-CD2,
Becton Dickinson), Leu 2a (anti-CD8, Becton Dickinson),
OKT4 (anti-CD4, Ortho-mune), KiM7 (anti-CD68, Beh-
ring), L243 (anti-HLA DR, ATCC hybridoma HB55, ascite
provided by G. Sterkers) were used to characterize in-
flammatory infiltrates in infected macaque brains. Astro-
cytes were detected with a monoclonal antibody directed
against glial fibrillary acidic protein (GFAP, Amersham)
and neurons by a monoclonal antibody against neurofil-
ament (Dakopatts). SIV capsid antigen was detected with

a mixture of anti-p25 monoclonal antibodies (anti-HIV-1
p25 15-42 provided by B.S. Parekh, Biorad and anti-
HIV-2 208.3 from Hybridolab Pasteur). The presence of
CNS opportunistic pathogens was tested with antibodies
to toxoplasma (1E10, IV47 and G119/2, Biosoft), CMV
(E13, Biosoft) (A95/30, Michelson), SV40 (agT, Onco-
gene) and herpes viruses (HSV1, HSV2 and CHA437,
Biosoft).

In Situ Hybridization

Hybridization techniques were based on published pro-
cedures.?? RNA probes were derived from the transcrip-
tion vector Bluescript (from Vector Cloning Systems) in
which a fragment of the SIVmac142 plasmid clone'”
spanning the nef gene (nuclectides 8718 to 8234) was
inserted. The antisense probe aPnef used to detect SIV
RNA was generated from the T7 promoter by in vitro tran-
scription of 1 pg of plasmid template with 50 units of T7
RNA polymerase in the presence of 50 uCi of 3°S UTP
and *°S ATP. Specific activity ranged between 1.10% and
5.10® cpm/mg of input DNA.

Controls included 1) hybridization of SIV infected and
uninfected lymphocytes, 2) hybridization of brain tissue
from an uninfected monkey, 3) hybridization with an RNA
probe unrelated to SIV.

Combined Immunohistochemistry and In
Situ Hybridization

Procedures were modified from those described by Bra-
hic et al.®® Tissue sections were incubated in 4%
paraformaldehyde for 20 mn, rinsed in phosphate-
buffered saline, and then processed for immunohistolog-
ic staining. For the saturation step, normal serum was
replaced by 0.2% tween and 1% RNAse free BSA to
minimize RNAse contamination. The same tissue sec-
tions were then refixed in 4% paraformaldehyde for 10
mn and processed for in situ hybridization as previously
described.??

Results

Neuropathologic Findings

SIV-inoculated rhesus macaques presented a spectrum
of brain changes at the early stages of infection (Table 1).
The earliest pathologic changes observed were a dis-
seminated gliosis, i.e., increase in non-neuronal cells,
and rare glial nodules (Figure 1A) in the temporal cortex
of animal 40481 at 7 days postinoculation (p.i.). Gliosis
was a consistent finding in the brain of all infected ani-
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Table 1. Neuropathologic Findings and Virus Detection in the CNS of Macaques Inoculated Intravenously with SIV

Animal identity
(time postinoculation, days)
40481 40498 40499 40484 40488 42895
(7 (30) (65) (78) (98) (n.i.)
Lymph node hyperplasia - + - + ++ -
Anti SIV antibodies ND + - + + -
Viremia (p25 ng/ml) 1,03 <0.02 14.4 <0.02 <0.02 <0.02
Neuropathology
Gliosis + ++ ++ ++ ++ -
Glial nodules + + ++ - + -
Perivascular infiltrates - + ++ + + -
White matter pallor - - ++ - + + —
Giant cells - - ++ - - -
Meningitis - - ++ - - —
Spongiosis - - - ++ — -
Virus detection in CNS
Immunohistochemistry
p25 antigen + + ++ 4+ + - -
In Situ hybridization
Frontal lobe + + ++ - - -
Central region: basal ganglia - - + + - - -
Central region: white matter ++ + +++ + + -
Temporal lobe + + +++ + + -
mean number of infected cells
(per 2 cm? in central region) 8 3 200 <1 2 0

Findings in infected animals were compared with those in an uninfected animal (n.i., noninfected). Histopathologic examination was
performed on 7 different regions of formalin fixed brain tissue. Lesions are scored as follows: — absent; + moderate; + + — severe.
Immunohistochemistry and in situ hybridization were performed on three different regions of frozen brain tissue. For in situ hybridization, viral
RNA and DNA were detected with an SIV-specific nef gene probe. The degree of infection is scored as follows: +, 1-5 infected cells; + +,

5-20 infected cells; + + +, >20 infected cells per 2 cm?.

mals and was not found in brain sections of an uninfected
control animal. Hallmarks of inflammation, including nu-
merous microglial nodules and mononuclear cell infil-
trates surrounding blood vessels and leptomeninges
were observed for three of the animals, and was de-
tected as early as 30 days p.i. for animal 40498. Severe
encephalitis characterized by massive mononuclear in-
filtrates, white matter pallor, and multinucleated giant
cells was observed for animal 40499. This animal had not
mounted an anti-SIV antibody response at 65 days p.i.,
indicating immunologic dysfunction. At 78 days p.i., ani-
mal 40484 had few mononuclear infiltrates in the brain
but exhibited randomly dispersed vacuoles in the white
matter, a finding similar to the spongiform encephalopa-
thy occasionally described in humans.2* At 3 months p.i.,
animal 40498 presented a mild encephalitis with glial
nodules and demyelinated areas. Thus, neuropathologic
changes were observed within the first month of infection
(animals 40481 and 40498) and were more severe at the
later stages of infection (animals 40499, 40484, and
40488).

Virus Detection

We sought to determine whether the early neuropatho-
logic changes observed were associated with active viral
replication in the CNS. Using monoclonal antibodies di-

rected against HIV p25 core protein, the presence of SIV
antigens could be demonstrated in the brain of four of five
infected animals (Table 1). In the case of severe enceph-
alitis (40499), numerous infected cells were observed
mostly at the sites of microglial nodules and near the
leptomeninges. Immunohistochemic staining for oppor-
tunistic CNS pathogens, including toxoplasma, SV40,
and herpes viruses was negative in brain tissue of all the
animals studied.

To detect and quantitate rare isolated SIV infected
cells, we used the in situ hybridization technique. For
each animal, tissue sections of the frontal lobe, basal
ganglia region and temporal lobe were screened with a
SIV-specific riboprobe. A nef gene probe was chosen
because all types of SIV RNAs, genomic as well as singly
or doubly spliced, hybridize to this region of the genome.
Using the in situ hybridization technique, infected cells
were detected in the brain of all the intravenously inocu-
lated macaques and not in the control animal (Table 1).
Viral replication occurred in the brain of animal 40481 as
early as 7 days p.i, and 70% of the infected cells de-
tected were localized in a perimeningeal or perivascular
area. The perivascular infected cells taken into account
were observed in the brain parenchyma in the vicinity of
blood vessels but were not enclosed within the vascular
wall (Figure 1C), thus representing cells that had actually
crossed the blood-brain barrier. Animal 40498 presented
another case of early viral replication in the CNS, scat-
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Figure 1. Histopathology, in situ hybridization, and immunohistochemical staining of brain tissue from SIV infected macaques. For each
photograph, animal identity and magnification are indicated in parentheses. A: Glial nodule observed in the temporal lobe 7 days
postinoculation, H & E staining (40481; X 125).B: KiM7 immunobistochemical staining of nodule macrophages and scattered microglial
cells (40499, x125). C, D: SIV detection by in situ bybridization with a *>S labelled probe. C: Perivascular infected cell detected in the CNS
7 days p.i. (40481; X500). D: Massive SIV replication in a glial nodule, in a case of severe encephalopathy (40499, x500). E, F:
Immunobistochemical detection of MHC class Il molecules in the brain, using anti-HLA DR staining. E: MHC class II expression restricted to
neuroendotbelial cells in the brain of a control animal (42895, X500). F: Induction of MHC class I expression in microglial cells of an
infected animal early after SIV inoculation (40481, X500). G, H: Identification of infected cells by combined in situ bhybridization and
immunobistochemistry. Brain sections were subsequently labeled with KiM7 monoclonal antibody and hybridized with a SIV specific probe.
KiM7 + infected cells are detected by the superposition of brown color and black silver grains. G: Perivascular infected brain macrophage
(arrow) detected 7 days p.i. (40481, X 1500). H: Infected macropbages (arrows) in a perimeningeal inflammatory infiltrate (40499; X310).
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tered infected cells being detected in the white matter (Table 2). Conforting these findings, an induction of the
and perivascular area at 30 days p.i. Massive SIV repli- major histocompatibility complex (MHC) class Il mole-
cation took place in the brain of animal 40499 presenting cules was observed in infected brain. MHC class Il ex-
a severe encephalitis (Figure 1D). A correspondingly pression was restricted to endothelial cells in the control
high viral load was found in the blood of the same animal, (Figure 1E), whereas it was found in both endothelial and
as measured by p25 antigenemia (data not shown). In microglial cells in infected brain (Figure 1B). Additional
this limited experimental series, no positive correlation changes included presence of T cells (LeuSb +), which
was found between the level of SIV replication and the were not found in normal brain. T cells represented a
severity of the neuropathologic changes, as the two an- minor part of the perivascular infiltrates and were mostly
imals at the later stages of infection (40484 and 40488) of the T8 phenotype (Table 2). Staining with anti-GFAP
presented marked encephalopathy with spongiosis or revealed two cases of astrocytosis, with a marked in-
white matter lesions, whereas minimal number of SIV in- crease in the number of astrocytes in the grey matter for
fected cells were detected in the brain (Table 1). Thus, animal 40488 at 3 months p.i. Taken together, immuno-
infection of the brain by SIV was shown to be a frequent histochemical analysis indicated activation of whole sub-
and early event, though viral replication appeared to be sets of the non-neuronal brain cell population even
maintained at restricted levels in most of the animals though the number of infected cells was low.

studied.

Characterization of Infected Cells

Immunophenotyping of Infected We used combined immunohistochemistry and in situ
Brain Tissue hybridization techniques to analyze the phenotype of in-

fected cells. SIV RNA containing cells were found to ex-
To further characterize the neuropathologic changes in- press the CD68 marker (KiM7 +). Infected cells be-
duced by SIV, we analyzed by immunohistochemistry the longed mostly to the perivascular macrophages popula-
phenotype of infiltrated cells and the modifications of cell tion (Figure 1G, 1H) but were also found in macrophages
surface marker expression of resident cells in infected constituting glial nodules and in parenchymal microglial
brain tissue. Marked changes were found in cells of the cells. Infected cells in the brain were not found positive for
mononuclear phagocytic system. In an uninfected the CD4 marker (OKT47), though CD4 infected cells
macaque brain, two populations of cells expressing the were detected in lymph nodes of the same animals used
CD68 marker (KiM7 +) were detected: large perivascular as positive controls. These results indicated that the ma-
macrophages and numerous process bearing microglial jor source of the virus in the brain was derived from mac-
cells disseminated in the brain parenchyma. The perivas- rophages expressing undetectable levels of CD4 and not
cular macrophage population was markedly increased at from infiltrating T4 lymphocytes expressing high levels of
the early stages of infection and in the case of severe CDA4. Astrocytes stained for GFAP and neurons stained
encephalitis (Table 2). Glial nodules, characteristic of for neurofilament were not found to contain SIV RNA. The
pathologic brain, were mostly macrophage derived (Fig- phenotype of the infected cells associated with their peri-
ure 1B). Reactive microglia presenting increased CD68 vascular localization in the early stages of infection sup-
expression and more visible cytoplasmic processes was port the notion that SIV initially gains access to the CNS
a consistent finding in the brain of all the infected animals, within infected monocytes/macrophages crossing the
and was more pronounced at the early stages of infection blood-brain barrier.

Table 2. Immunopbenotyping of Brain Tissue in Macaques Inoculated Intravenously with SIV

Animal identity
(time postinoculation days)

40481 40498 40499 40484 40488 42895

(7 (30) (65) (78) (98) (n.i.)
Astrocytosis (GFAP) + - - _ ++ _
Perivascular macrophages (KiM7) + + ++ - - _
Microglial reactivity (KiM7) ++ ++ ++ + + -
MHC class |l induction (HLA DR) ++ ++ ++ - ++ _
Infiltrated T lymphocytes (LeuSb) + ++ ++ + + -
T8 lymphocytes (Leu2a) 15 >100 >100 7 7 1
T4 lymphocytes (OKT4) 4 18 8 0 3 0

The monoclonal antibodies used are indicated in parentheses. Immunohistochemistry was performed on frontal lobe and basal ganglia
sections of frozen brain tissue. On the two bottom lines are indicated the mean number of T8 and T4 cells counted per 2 cm? section. (n.i.,
noninfected). Intensity of staining: —, same as uninfected control; +, moderate increase; + +, marked increase.
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Discussion

We addressed the question of when and how is the brain
infected in the course of SIV infection. Several mecha-
nisms for entry of lentiviruses in the CNS have been de-
scribed in the literature, favoring either infiltration of mo-
bile cells carrying the virus in a repressed state (the Tro-
jan horse hypothesis)?® or direct infection of brain
parenchyma by cellfree virus. It is generally believed that
HIV is carried across the blood-brain barrier within in-
fected mononuclear phagocytes. '3 CSF studies®>® and
reported cases of early neurologic impairment’ sug-
gest that the CNS could be affected early in the course of
HIV1 infection. However, in light of the frequent associa-
tion of opportunistic pathogens and HIV in the brain of
patients with nervous dysfunction, it has been proposed
that HIV could secondarily gain access to the CNS.2®
Opportunistic infections in the CNS could trigger an in-
flammatory process, leading to the recruitment of HIV
infected macrophages in the CNS of immunocompro-
mised patients. Alternate mechanisms propose that free
extracellular virus could cross the blood-brain barrier af-
ter replication in vascular endothelium cells®® or could
infect the CSF via replication in choroid plexus cells and
subsequently spread to the brain parenchyma.?®

We present direct evidence, in the SIV model, that
infection of the CNS is an early event. SIV replication
could be detected in macaque brain as early as 1 week
p.i. and was also found in the brain of all the animals
studied at 1, 2, and 3 months p.i. SIV replication in the
brain coincided with early neuropathologic changes con-
sisting in the presence of gliosis, glial nodules, and peri-
vascular infiltrates. Abnormalities in the brain cell popu-
lations, including activation of microglial cells expressing
higher levels of the CD68 and MHC class || molecules,
increase in perivascular macrophages and presence of
T lymphocytes in the CNS occurred within the first week
of infection. As common CNS opportunistic pathogens
such as toxoplasma, SV40, and herpes viruses were not
detected in the animals studied, these findings support
the notion that SIV plays a primary role in the generation
of encephalitis, though additional opportunistic infections
can certainly contribute to the neuropathology later in the
course of the disease. The results we report in the simian
model, in conjunction with indirect evidences obtained
from HIV-infected humans, strongly suggest an early in-
volvement of the CNS in the course of HIV infection. Con-
sidering the early presence of the virus in the CNS, it is
likely that HIV replication in the CNS is initiated early and
later reactivated rather than initiated by immunosuppres-
sion and additional infections. A parallel can be drawn
between the primary and late phases of HIV (or SIV) in-
fection. Both are characterized by high viremia, high cir-
culating levels of activation markers such as neopterin,

and by an inefficient antiviral immune response.3° Thus,
the same physiologic parameters may induce viral ex-
pression in the CNS during both phases of the disease.

A high level of SIV replication was observed in the
brain of 40499 that presented a lack of antiviral immunity,
indicated by absence of anti-SIV antibody response and
by lymph node aplasia. To a lesser extent, a rather high
viral load was observed in the brain of the animal in the
initial viremic phase (40481), before the antiviral re-
sponse could develop. Conversely, animals 40484 and
40488 in the so-called latent phase of infection presented
little viral replication in the brain. These observations sug-
gest the presence of an active immunologic control of
viral replication in the CNS, though effectors of this control
are unknown. Early infection of the CNS would arise as a
consequence of the initial peak of viremia during primary
infection and would subsequently be maintained at re-
stricted levels by immunological control. Such a model
could explain the existence of sequelae from an early
episode of viral replication in the CNS and may account
for the neuropathologic changes observed in latently in-
fected animals (40484 and 40488).

Using combined immunohistochemistry and in situ
hybridization, SIV infected cells were found to express
the CD68 molecule, a marker specific of monocytes,
macrophages, and microglial cells. SIV infection was lo-
calized to perivascular macrophages at the earliest stage
(Figure 1G) and was found in perivascular macrophages
(Figure 1H), nodule macrophages and microglial cells
scattered through the brain parenchyma at later stages.
T4 lymphocytes were not found to be a major source of
virus in the brain as infiltrated T4 cells were few and as
early infection of cells of the choroid plexus was not de-
tected, although many of these cells stained strongly for
the CD4 marker. Our results thus support the notion that
infiltrating monocytes/macrophages represent the main
route of entry of SIV in the CNS.

The reason why infected macrophages invade the
CNS is not known. It is possible that macrophage entry
represents a physiologic process as macrophages are
found perivascularly in normal brain.3! Furthermore, peri-
vascular brain macrophages were shown to undergo a
turnover from bone marrow precursors in rodents.2 In
this view, infection of the brain would parallel the systemic
infection, as peripherally infected macrophages progres-
sively migrate into the CNS. However, the occurrence of
early changes, involving increased macrophage infiltra-
tion and microglia activation, suggests that an inflamma-
torylike process is rapidly initiated in the brain. A few ini-
tially infected cells in the brain may trigger an inflamma-
tory reaction that would amplify as more cells, including
infected ones, are recruited. Considering the limited
number of infected cells present in the early brain peri-
vascular infiltrates, an immunopathologic mechanism



could explain the enhanced recruitment of leukocytes.
Induction of MHC class Il expression on microglial cells
also suggests a major change in the immunoregulatory
environment of infected brain. Inappropriate secretion of
cytokines by macrophages are believed to be involved in
the generation of brain lesions in sheep infected with
Visna virus.3® Similar mechanisms may apply for primate
lentiviruses and account for the activated status of mac-
rophages and microglia throughout brain tissue.
Altematively, astrocytes, though they are not detect-
ably infected, could mediate an immunopathologic reac-
tion in infected brain. Astrocytosis was one of the earliest
neuropathologic changes observed and was present in
two of the animals studied. Astrocytic endfeet are in close
proximity to endothelial cells of the brain-blood barrier
and may contribute to its integrity.3* Furthermore, astro-
cytes are able to present antigens to T lymphocytes and
are known to secrete cytokines.3®Astrocytic reaction may
lead to functional impairment of the brain-blood barrier
and may induce endothelial changes that provoke leu-
kocyte adhesion. How the astrocytic reaction would be
triggered during the initial viremic phase remains to be
determined. SIV will provide a useful model for the in situ
study of cytokines and cell-surface protein expression in
the course of lentiviral infection. This study could shed
some light on the mechanisms of virus spread in the host
and in the origin of lentivirus-induced immunopathology.
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